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Introduction
The European Union (EU) approach to waste management is based on three principles: waste prevention, recycling and reuse, and improving final disposal and monitoring. A MBT plant is a type of waste processing facility that combines a sorting facility with a biological treatment such as composting and/or anaerobic digestion. MBT plants relying on composting are widely spread all over Europe, even if the treatment capacity of plants that combine anaerobic and aerobic treatments is rapidly increasing. The latter type of facilities has grown from 3 in 1990 to more than 170 plants installed by the end of 2010 with a digestion capacity of more than 5 million tons per year, which corresponded approximately to 20 % of the biological treatment capacity for organics derived from household waste during 2010 (De Baere and Mattheeuws, 2008). MBT plants are mainly designed to process mixed municipal solid waste (MSW) but also source-selected organic fraction of municipal solid waste (OFMSW). Within this general classification, multiple variations can be found and it can be stated that probably there are no two identical plants, although some configurations are quite similar. MBT includes a wide range of different technologies and defining an average facility is therefore difficult.
The analysis of waste treatment efficiency in these plants requires a reliable measure of the biodegradable organic matter content of organic wastes and thus, their stability defined as the extent to which readily biodegradable organic matter has decomposed (Lasaridi and Stentiford 1998 Therefore, the main goal of this work was to compare the efficiency in terms of biowaste stabilization, using respirometric indices, of the main biological treatments used in MBT facilities currently operated in Europe. Six MBT facilities (8 MSW treatment lines) treating a total amount of 856,000 tons/year were analysed in depth.
More than 100 respirometric indices including both dynamic and cumulative respiration indices were determined at different stages of these plants to analyse the real performance of these facilities. To our knowledge, no work of this magnitude has been previously published. Table 1 shows the studied MBT facilities and their main treatment characteristics. The facilities were located in Spain and France. Although there are no two identical facilities, Figure 1 shows a typical layout of a MBT plant covering its main treatment stages (mechanical-biological pre-treatment, biological treatment and post-treatment).
Materials and methods

MBT facilities
The studied MBT facilities were classified according to two different categories. On one side, MBT facilities were classified according to the input waste: mixed MSW or source-selected OFMSW. On the other, since the main difference among plants was the biological treatment during the decomposition stage, MBT plants under study were classified according to two groups: i) plants that combine anaerobic and aerobic biological treatments or ii) purely aerobic treatment plants.
Since pre-treatments and post-treatments were relatively similar in all MBT facilities under study (Table 1 and Figure 1 ) and the main difference among plants was the biological treatment, only a detailed explanation of biological treatments is given: tons/year. The biological treatment includes three different processes.
The first one is a pre-treatment that takes place in a rotating drum biostabilizer with a retention time of 2 days, which main goal is to prehydrolyze the organic matter. Then, the pre-hydrolyzed material is composted during 2 weeks in composting tunnels. Finally, the maturation stage also takes place in composting tunnels for an additional week.
b. MBT-1.2: The source-selected OFMSW line has a waste treatment capacity of 75,000 tons/year. After pre-treatment, the organic fraction is anaerobically digested in two digesters with a total volume of 6,700 m 3 .
The plant uses the BTA ® process, in which the material is processed at a total solids concentration of 6 % (wet anaerobic digestion) and under mesophilic conditions (37 ºC) during 20 days. Then, the digested sludge is centrifuged and the solid fraction is mixed with bulking agent (pruning wastes in a 2:1 ratio) and composted during one week using composting tunnels. The plant uses the Valorga ® process, in which the material is processed in solid-state (20 % of total solids) and under mesophilic conditions (38 ºC) during 21 days. The digested solid fraction (press-screw digested cake) is mixed with bulking agent (pruning wastes in a 2:1 ratio) and composted in composting tunnels during one week to stabilize and sanitize the material. On the contrary, the centrifuge digested cake is thermally sanitized without further biological treatment.
• MBT-3: This MBT plant is located in Spain. Only mixed MSW is treated in this facility. The waste treatment capacity is 45,000 tons/year. After pre-treatment, the organic fraction is composted in a trench-based reactor (Biomax-G ® ) during 21 days in which both decomposition and maturation stages take place inside the same reactor. Aeration and moisture are controlled during the process.
• MBT-4: This MBT plant is located in Spain. Only mixed MSW is treated in this facility. The waste treatment capacity is 250,000 tons/year. The organic fraction from mechanical pre-treatment is anaerobically digested in four digesters with a total volume of 3,600 m 3 . The Valorga ® process is used, in which the material is processed in solid-state (35 % of total solids) and under mesophilic conditions (38 ºC) during 21 days. The digested solid fraction is then mixed with bulking agent (pruning wastes in a 1:1 ratio) and composted in composting tunnels for one week. Finally, the material is cured during four weeks in turned windrows.
• MBT-5: This MBT plant is located in France. Only source-selected OFMSW is treated in this facility. The OFMSW treatment capacity is 27,000 tons/year. The organic fraction is anaerobically digested in a digester with a volume of 3,100 m 3 . The Valorga ® process is used, in which the material is processed in solidstate (20 % of total solids) and under thermophilic conditions (55 ºC) during 21 days. The digested solid fraction (including press digested cake and centrifuge digested cake) is then composted during only two days in composting tunnels (no bulking agent is added because the organic matter itself has a high content of pruning wastes). Finally, the curing stage is finished in turned windrows with a retention time of two weeks.
• MBT-6: This MBT plant is located in France. Only mixed MSW is treated in this facility. The MSW treatment capacity is 44,000 tons/year. The biological treatment includes three different processes. The first one is a pre-treatment that takes place in a rotating drum biostabilizer with a retention time of 3 days. Then, the pre-hydrolyzed material is anaerobically digested in two digesters with a total volume of 3,000 m 3 . The plant uses the Valorga ® process, in which the material is processed in solid-state (22 % of total solids) and under mesophilic conditions (37 ºC) during 21 days. The digested solid fraction is mixed with bulking agent (pruning wastes in a 1:1 ratio) and composted in composting tunnels during one week to stabilize and sanitize the material.
Sampling
A total amount of 55 samples were collected from April 2013 to September 2014.
Sampling points were selected taking into account the most significant stages of MBT plants ( Figure 1 ). Other sampling points not included in Figure 1 were also sampled for subsequent analysis; i.e, in plants relying on anaerobic digestion the different solid fractions obtained from the dehydration of digested materials were analysed (the mixture of these fractions is considered the output of the decomposition stage). The Only the biodegradable fraction was analysed (organic matter and paper), which means that all improper materials (plastic, glass, metal, etc.) were removed prior to physicalchemical characterization and respirometric tests. Samples were immediately frozen and stored at -20 ºC after collection. Before analysis, samples were thawed at room temperature for 24 h (Pognani et al. 2012b).
Respirometric tests
The Dynamic Respiration Index (DRI) was used as a measure of the biological activity of the material. This measure is related to the biodegradable organic matter in the sample and it is widely used in scientific literature. In this study, microbial respiration was measured as the oxygen consumption in a dynamic respirometer (Ponsá et al. 2010b ), which is based on the methodology described by Adani et al. (Adani et al. 2006 ). Respiration was analysed in terms of long-and short-term indices: 
Analytical methods
Water content, dry matter (DM) and organic matter (OM) contents were determined according to standard procedures (The US Department of Agriculture and The US Composting Council, 2001). Three replicates were analysed for each sample.
Statistical analysis
Shapiro-Wilks tests were conducted to assess the normality of data (p=0.05) and
Levene's test were conducted to assess the homogeneity of variances (p=0.05). Once normality and homogeneity of variances were ensured, parametric tests (one-way and two-way ANOVA) were performed to statistically compare the performance of MSW and OFMSW treatment lines previously explained. Statistical tests were conducted using SPSS 18 (SPSS Inc., Chicago, USA).
Results and discussion
Respirometric balances as a tool to analyse MBT facilities
The typical approach to study the efficiency and performance of MBT plants is to carry out mass balances, as previously reported (Pognani et al., 2012a; Colazo et al., 2015) .
However, in this work, a novel approach to assess the performance of MBT plants Figure 1S to Figure 8S ).
Flowcharts permit to easily identify the key stages of the process along with possible bottlenecks. As an example, Figure 2 shows that a high efficiency is achieved in the overall process since a total RI reduction higher than 95 % is obtained. However, most of this reduction (85%) is due to the pre-treatment plus the anaerobic digestion stages.
Only a small fraction (10%) is due to the final composting stage. Although a high efficiency is achieved, these efficiencies do not consider the refuse produced in the plant during the pre-treatment, which corresponds to around 17 % of the total input mass in this particular case. It is necessary to take into account that the refuse from the pre-treatment still has biological activity (DRI24 = 1.07 mg O2 g DM -1 h -1 and AT4 = 75 mg O2 g DM -1 ) and thus cannot be considered stabilized, which means that a large composting should be carried out to improve the final stability of this fraction. On the contrary, the most stable fraction (screw-press digested cake, DRI24= 0.66 mg O2 g DM -1 h -1 , DRI24= 1.53 mg O2 g VS -1 h -1 ) is composted in a maturation/sanitation final stage.
Finally, it can be observed that, in general, RI increases when bulking agent is added to the screw-press digested cake (DRI24 increases 27% and AT4 increases 8%), which means that the bulking agent (pruning waste) contains a significant amount of biodegradable organic matter (leaves, grass, etc.). This fact has been previously observed and it must be considered when using this material as bulking agent in MBT composting stages (Ponsá et al., 2008) .
It is worth mentioning that this novel approach based on RI to analyse a MBT plant can be very useful for plant managers and designers to easily identify the critical points of the process and, consequently, it is envisaged as a powerful decision support tool.
MBT relying on composting technologies
Results of the evolution of RI for MSW treated at MBT facilities relying solely on composting technologies are shown in Figure 3 (RIs together with the total solid content and the volatile solid content can be found in Table S1 of Moreover, operating conditions such as the moisture content, free air space or oxygen content are of outmost importance to promote biodegradation during the maturation stage. However, this stage is usually carried out under low-controlled conditions, which also contributes to the overall poor performance of the process.
MBT relying on anaerobic digestion
Results of the evolution of RI for MSW and OFMSW treated at MBT facilities relying on anaerobic digestion are shown in Figure 4 (RIs together with the total solid content and the volatile solid content can be found in Table S2 of the supplementary information).
Since pre-treatment designs are fairly similar in all MBT facilities, the RI reduction pattern observed during the pre-treatment stage is also confirmed. The average reduction during this stage was 19 % and 24 % for DRI24 and AT4, respectively.
However, this pattern was not observed in MBT-5. In this particular case, the RI increased from input material to pre-treated material. In this case, it must be noted that the input material in MBT-5 contained a great amount of shredded pruning wastes that were partially removed during the pre-treatment process, which concentrates the amount of easily biodegradable organic matter, thus explaining the RI increase. The considerable stabilization during the pre-treatment process observed in most cases has important implications in the design of MBT plants, especially those relying on AD processes as main stage. For instance, the loss of organic matter during the pretreatment is expected to provoke a decrease in the biogas yield when compared to that of untreated input material determined in batch BMP tests, which are the values typically considered when designing anaerobic reactors (Ponsá et al. 2010b) . In this sense, the impact of a RDB pre-treatment, which achieved a DRI24 and AT4 reduction of 57% and 61%, respectively, in the biogas production should be further studied in MBT- 
Compost quality: Comparison of technologies
Since some national regulations on stability use organic matter (often expressed as volatile solids) as the basis for stability measurements, Table 2 shows the RI of biostabilized materials based on a volatile solids basis. The European Commission (2001) recommends a stability limit of 1.0 mg O2 g VS -1 h -1 . MBT facilities relying solely on composting technologies did not reach the proposed stability limit ( Table 2) .
On the contrary, all MBT plants relying on AD technology during the decomposition stage achieved the proposed stability limit, with the exception of MBT-4.
As explained in Section 2.1, the MBT facilities studied were classified according to two different parameters: (i) the type of input waste (mixed MSW or source-selected OFMSW) and (ii) the main biological decomposition technology (anaerobic digestion or composting). Therefore, RI reductions were subjected to a two-way analysis of variance at two levels of "input waste" (MSW, source-selected OFMSW) and two levels of "treatment technology" (AD and composting). In order to increase the number of A two-way ANOVA was conducted to examine the effect of the treatment technology and the input waste on the final values of DRI24 and AT4. There was no statistically significant interaction between the effects of treatment technology and the input waste neither in the DRI24 (F(1,10) =3.142, p=0.107) nor in the AT4 (F(1,10) =3.455, p=0.093).
However, a simple main effects analysis showed that lower DRI24 (F(1,10) =45.164, p<0.001) and AT4 (F(1,10) =50.845, p<0.001) were achieved when AD was used as the main treatment technology instead of composting tunnels during the decomposition stage. This means that a high grade of stabilization is achieved during the overall treatment process. Figure 5 shows a boxplot for both DRI24 and AT4 when treating both OFMSW and MSW using AD and composting technologies. It can be observed that the difference in median values and even the extreme values (maximum value for AD with minimum value for composting) are not overlapped in any case. Finally, the main effect of "input waste" was non-significant for both DRI24 and AT4 (p>0.05). Hence, although the input waste had different composition (MSW or source-selected OFMSW), the same grade of stabilization was obtained when the same treatment technology was applied.
This fact is of outstanding relevance for the design of future MBT plants, as it highlights the importance of selecting an appropriate technology regardless the type of organic waste treated.
This work demonstrates that a high grade of stability can be obtained in both MSW and source-selected OFMSW treatments. However, other important properties affect the Zn, Cu. Although published studies in general suggest a higher metal content in mixed MSW than in source-selected OFMSW, a high grade of variability exists and it can not be established as a rule. Therefore, the uses of these materials should not be solely based on its origin but on its specific quality. In this study, the correlation between DRI24 and AT4 of all samples analysed (from fresh to highly stabilised samples) resulted in AT4 = 73.0 DRI24 (DRI24 in mg O2 g -1 DM h -1 and AT4 in mg O2 g -1 DM) while RIs can be found in Tables S1 and S2. A satisfactory correlation was found with a correlation coefficient (R 2 ) of 0.987. Thus, DRI24 and AT4
Correlation between cumulative and non-cumulative respiration indices
can be positively correlated and both can be used as a reliable measure of the stability of the process and the stage of biodegradation of organic matter in an MBT plant.
To correlate general RI with more advanced parameters further studies should focus on the changes in the oxidation of organic matter during the treatment process. In this sense, electron transfer balances could be used as a novel approach for MBT plants as it is usually done in AD wastewater reactors with COD balances. 
Cost considerations
Conclusions
MBTs relying on anaerobic digestion as the main biological treatment produced final compost/biostabilized materials with a high grade of stability (0.24 ± 0.09 mgO2 g -1 DM
h -1 and 20 ± 9 mg O2 g -1 DM). On the contrary, MBTs relying on composting showed a poor performance (1.3 ± 0.2 mg O2 g -1 DM h -1 and 104 ± 18 mg O2 g -1 DM). Although no statistical differences were found regarding the input material (MSW vs OFMSW), statistical significant differences were found regarding the stabilization of final products when treatment technologies (AD vs composing) were compared.
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